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ABSTRACT

An exact solution of an eight-site crystal model with periodic boundary condi-
tions, a small face-centered cubic crystal, is presented for the case of a heavy-fermion
system. The model consists of: (a) a single, fully symmetric orbital per site, with
nearcst-neighbor and second nearest-neighbor hopping; (b) an infinite Coulomb repul-
sion between electrons on the same site; (c) antiferromagnetic superexchange interac-
tions; and (d) band fillings near half-filling (six, seven and eight electrons per cluster).
The superconducting and the antiferromagnetic correlations are studied and compared
with the predictions of the non-interacting limit. The suitability of BCS and Gutzwiller
approximate ground-state wave functions are quantitatively estimated.
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L INTRODUCTION

Heavy-fermion materials, with their high heat capacities at low temperatures, exhibit sometimes
normal and sometimes re-entrant superconductivity. They have been a source of great experimental and
theoretical attention'™. This interest has been further fueled by early experimental evidence showing a
degree of similarity between these and the new high-temperature superconducting ceramics, with many

of the leading ideas for high T, mechanisms borrowed from heavy-fermion research™>°.

One direction in the incorporation of the large Coulomb repulsion between the f -electrons of
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these lanthanide and actinide heavy-fermion materials has been the use of the single-orbital-per-site
Hubbard model'®, or the twin-orbital-per-site Anderson model'!, in order to make the non-neglible

many-body effects more mathematically tractable.

The current work focuses on the Hubbard model, wherein the computational overhead is further
reduced by a small-cluster approach which incorporates periodic boundary conditions. This method!?
has been applied to various problems: photoemission!!4, intennédiatc-valencel“"s, magnetic'®, thermo-
dynamic'?, resonating-valence-bond'® and alloying behavior!®. These papers have shown the approach
to be good for explaining uniform and short-range correlation properties and, although incapable of
exhibiting phase transitions, it has shown indications of possible mechanisms involved in them. In pre-
vious work?® the present authors have explored the Fermi surface, spin-wavé and transport properties of
the an eight-site, seven electron fcc cluster, which proved to be similar to real heavy-fermion systems.
In this contribution the small-cluster model, with various occupations, is analyzéd for the

superconducting-fluctuation behavior, to investigate possible mechanisms for superconductivity.

The lattice in the model is face-centered-cubic, a three-dimensional array of triangular rings,
which is the classical example of an antiferromagnetically spin-frustrated system. This idea of electrons
having to alternate between forming spin-singlet states w.iLh all adjacent electrons is the basis for
Anderson’s concept?! of Resonating-Valence-Bond (RVB). Thus, one way to address the relevance of
the RVB approach, in the context of high-T, éuperconductivity, is to examine an extreme case, such as

the present one.

Section II reviews the Hamiltonian employed. Section III examines the nature of the ground and
low-lying excited states, as well as the suitability of the Gutzwiller projection approach. Section IV
cxamines the superconducting correlations, in terms of its anisotropy, degree of spontaneous-
symmmetry breaking, and relative strengths of various spin-coupling modes. The relation between the
BCS predicted ground-state wavefunctions and the actual ones are also examined, and finally, the mag-

netic correlation behavior is studied.



II. THE HAMILTONIAN

The Hamiltonian is thoroughly discussed in Reference 20. The limit of large on-site Coulomb

repulsion, U — oo, reduces it2? to the form:

H=H,, +H,y, + Hyp, 2.1)
where |
Hipmw=-2 Y clejo (22)
i,j=0..T;6
(i\j) = lnn

represents first-nearest neighbor hopping, with transfer integral ¢,

Hyppw==6T ¥ cilejs (2.3)

i,j;-O...7;c
GJj)=2nn

represents second-nearest neighbor hopping, with transfer integral T', and

Py

He=J ¥ 5§ (2.4)
ij=0..7
: (,j)=1nn
is a Heisenberg interaction where J represents the effective antiferromagnetic coupling of order (¢%U).

The eight-atom cluster in the fcc structure has the symmetry of a space group with 192 operations
and 13 representations. These representations are: five at the I" point of the Brillouin zone (referred to
as T'y, I3, T'jp, Tis” and Tys”, with degeneracies 1, 1, 2, 3, and 3, respectively), five at X (X, X,, X3,
X4, X5, degeneracies 3, 3, 3, 3, and 6, respectively) and three at L (L,, L,, L4; degeneracies 4, 4, and
8, respectively); the labels T' X and L refer to the overall k-vector of the many-body wavefunction. The

notation is the standard one of Bouckaert e al Z.

This model has been solved exactly for occupations of 6, 7 and 8 electrons (corresponding to
0.75, 0.875 and 1.0 electrons per site), and the relevant ground and low-lying states are presented in
Table 1. In addition the non-interacting ground and low-lying states are presented, separated according
to their first-order correction in Coulomb energy, which is obtained by diagonalizing, in the U =0

ground-state manifold, the operator :

He =U Z CirTCiTCiflCiL (2.5)
i=0..7
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III. THE GUTZWILLER-PROJECTED STATE

It is interesting at this point to examine the so-called Gutzwiller method’?*%°. The approach
approximates the interacting ground state by projecting out of the non-interacting ground-state wave

- function any part that contains doubly occupied sites:

196> =TT - ciheiredlein) 1Wo>, (2.6)
where the product index i runs over all sites. The appeal of the approach is obvious from its aesthetics
to its relative ease of implementation. However, as shown before” and here, the pitfalls of such an

approach become evident.

One sees the situation schematically in Figs. 1-3, depicﬁng the ground- and low-lying excited
states for occupations of 6, 7 and 8 electrons, respectively. For 6 electrons, if one follows the Ty,
non-interacting ground state of minimal Coulomb energy, and performs the Gutzwiller projection (2.6),
one arrives, at infinite U, at the proper ground state. For 7 electrons, however, the small-U ground
state, if projected, yields an excited state of the heavy-fermion manifold, i.e. it is superseded by states
of completely different symmetry which correspond to highly-excited states for small . The situation
becomes even more involved for 8 electrons, with small-U ground states becoming large-U excited

states, and small-U low-lying excited states mixing with highly excited ones (the 'T" 1 Symmetry) to con-

tribute to the large-U ground-state manifold.

Figure 4 shovu./s the temperature dependence of the contribution of the various symmetries to the
thermodynamic equilibrium state. It is seen there that even though the 2L, symmetry -- the one obtained
from the Gutzwiller projection -- increases it contribution as T increasés, the total spin of the cluster
<§(§+1)> also increases, making the system more magnetic and therefore less well represented by a

projection of a paramagnetic state.

These observations lead one to conclude that the Gutzwiller projection technique alone is inade-
quate, that one requires in addition the minimization-of the Coulomb expectation (2.5), but even so the
description of the manifold of ground- and low-lying states is inadequate with the projected states

alone.



IV. RESULTS

A. Superconducting correlations

The eight-atom cluster, a finite system, is unable to exhibit the infinite-range correlation behavior
of a superconducting transition, i.e. the important region in reciprocal space, the small 4 region, is inac-
cessible in this treatment, and it is possible that the finiteness might introduce artificial correlations3?,
However, it has been the belief of the present authors and others’, thgt the study of the fluctuations
towards superconductivity in these small systems could yield clues to the real phenomenon. Along those
lines, and following the BCS formalism, one has an order parameter A(R’ ), which corresponds to the
system forming Cooper pairs, of ;he form :

AR P) = <AR Py> = < ¥R +P12)¥[R-P12) >. @.1
where the system has a pair of normal electrons destroyed, with center of mass R and separation 7.
Following Hirsch®', one may describe the correlation between the two electrons taking place by one of
several modes, the usual on-site ( 7 = 0 ) spin-singlet coupling (SP) of the form :

CiTCil s (4.2)
an extended-singlet pairing (SPX) :

CiTCisrl=CilCisrT » 4.3)
and a (necessarily) extended spin-triplet pairing, as in liquid He?, with components referred to as TPT

(riplet parallel, S, = 1), TPO (antiparallel, S, = 0), and TP (S, = -1) of forms :

CitCisr Ty (44)
CiTCisrd+CilCisr Ty 4.5)
CilCisrds (4.6)

respectively. In uniform systems the position R within the crystal has no intrinsic importance®2. One

may proceed directly to reciprocal K- -space via Fourier transform:
ARP) = é [eFF ARP) dR; @.7
In finite systems, one may study the order parameter fluctuation,

SEP) = <Ak ?)ATR 7>, 4.8)

which may be considered as a susceptibility to Cooper pair formation, i.e. the amount of phase space
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available to such a possible condensation process. The dependence on 7 yields information on the spa-
tial distribution of the correlation; the k- -dependence yields the transport and coherence properties. As
the object S (l? JF) is related quadratically to the order parameter, one may not speak of the spatial distri-
bution of superconducting correlations, but only of the square. Thus triplet-spin pairings, which necessi-
tate odd-parity (p, f, etc.) spatial wavefunctions, would have (s, d, etc.) even-parity S(E ) distribu-

tions, as do singlet pairings.

In the present context, with an eight-atom crystal, there aré correspondingly 8 K-vectors in the
Brillouin Zone, one at I" (written as vy ), three at X (xy, x4, x3), and four at L (Iy, I3, I3, 14). It can be
shown then that the SPX and TPO correlations, written in the k-basis a4, take the forms:

. 2 ikr i (Ky=X,)r
Ssexrrpolk r) = - (12e* ") N-n + e alragral gl 4.9)
X5

One can immediately see that the pre-factor (1+e*™") forces the correlations of these two forms to take
on non-zero values in complementary parts of k-space, as the exponential term for this cluster takes on
only values *1. Similarly, one can establish the expressions for the parallel triplet forms :

- 1 ik-r i (%) =X,) 7
Sroatkr) = 55 (1=e* M W-3ng+ T alcagoal woanumol. (4.10)
X%

where n, refers to the number of electrons aligned with . There are six distinct first-nearest neighbors
in this model (each represented twice, to give the 12 nearest neighbors of the fcc structure) and thus the
information provided by the six S (k,r=T;,1,73,Ts,%¢,T7), where the T;’s représem the associated dis-
placement vectors, is just sufficient to expand unambiguously the spatial dependence in terms of the s
and the five d functions zx, yz, xy, x>=y? and 3z%-r%, Within 1 normalization factor of [(2/+1)/4r]'2,

the expansion coefficients can be given as :

A (k) = %[S(fc,‘rl) + Skt + S(k,ta) + S(k,Ts) + Sk,T6) + Sk ,T7)] 4.11)
Aul) = (S0 - SE39)] 4.12)
An ) = S (k2 - S (.79 4.13)
Ay k) = 71_3-[5 (k,t3) = S(k,19)] (4.14)

A alk) = %3[(5 (k1) + S (k15)) — (S (k) + Sk T6))] (4.15)
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A, ok)= %[S (k,ty) + S(k,T) — 25 (k,t3) + S (k,Ts) + S (k,6) — 28 (k 27)] (4.16)

For an occupation of 7 electrons the true heavy-fermion ground-state manifold -- comprising the
symmetries “;, 2X; and %X, -- and the low-lying excited states of symmetry 2L, are allowed to mix by
(4.9) or (4.10), and the patterns of mixing are presented in Tables II and IV, with the actual values of
the correlation matrices presented in Tables III and V, respectively. Thus, any trends towards the

symmetry-breaking of a superconducting transition can be detected.

Qualitatively, the first thing to note is that the excited 2L, states do not mix with any of the
ground-states symmetries for any of the spin-coqpling modes. The only mixing occurs between each of
the three pairs of 2X, and 2X,.

Quantitative results are given in Table VI. Here all correlation strengths are normalized to one,
i.e. divided by the maximal eigenvalue over all possible 11440 states. For SPX coupiing one notices a
considerable enhancement from the almost non-interacting to the Gutzwiller-projected state, but the
enhancement from the latter to the true ground state -- of different symmetry -- is approximately the
same; in other words, the difference between the non-interacting and true states is twice as large as the
Guezwiller method would yield. One sees the same trend, albeit more weakly, for the triplet TPO and
TPT modes. They both favor a broken-symmetry state. Because these correlations were calculated for
the §, = +1/2 states -- four electrons with spin up, three electrons with spin down -- the TP mode is

strongly disfavored, as seen also in Table VI.

The evidence appears to favor, in the large-U limit, the extended-singlet over the triplet pairings,
a result noted before in the literature®®, However, the critical result here is that the Gurzwiller-
projected state, has neither the correlation strength of the true ground state, nor in any way partici-

pates with the ground state to break symmetry and lead towards Cooper pair formation.

Having decided on the 2X, state in the SPX coupling mode as the leading superconducting candi-
date, one can now apply (4.11-.16) to describe its s—d-decomposition, the results of which are

presented in Table VI One can see quite clearly the degree of anisotropy, both in real and in k -space.



B. BCS wavefunction for a finite cluster

In 1957, Bardeen, Cooper and Schrieffer wrote their celebrated paper® -describing the

superconducting-state function:

| Waes > = [(ue + veadraliy)105, 4.17)
F

where the coefficients u, and v, are expressed as® :

ud = %[Hek/(e,,z + A 4.18)
v = S ll-exl(ed + AD' @.19)

Here ¢, refers to the one-electron energy of K, measured from the vFermi‘energy, whereas A, represents
the corresponding superconducting energy-gap parameter. Historically, the fears that the BCS equation
(4.17) (i) did not conserve the number of particles, and (ii) in the Lhermoﬁynamic limit the predicted
wave function was orthogonal to the true ground state, were eventually resolved and the approach has

become the comerstone of the theory of superconductivity.

Recently Gros®® has examined the cohsequence of projecting the BCS-state onto a fixed number
of electrons in a finite cluster, and then applying the Gutzwiller projection to remove any doubly-
occupied states. This approach has the advantage of allowing the system in question to reveal its own

preferred coupling mode, rather than attempting to match the correlation to those of given models.

In the present situation, given the advantage of considering an even number of electrons, it is
convenient to choose the eight-site cluster with six electrons. Thus, the wavefunction of (4.17) would

take on the (unnormalized) form:

| Wpes >= 3 vxov,(lv,(zu,clu,(‘u,(su%u,‘qa,fom,{ola,Ilfa,zlla{zra,gl 10>, (4.20)
where Xy, X; and X, are the occupied electron-pair states and x5 through x5 are the empty one-electron
states. Equation (4.20) is considered here in two limits: the almost-non-interacting (small U) and the
Gutzwiller-projected strongly-interacting (large U) extremes. For U = 0, there are 56 states correspond-

ing to occupied triplets of & -pairs (3 chosen from 8), while in the infinite-U limit, the Gutzwiller pro-

jection (2.6) reduces these to 28 possible states.
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For U vanishingly small, if one restricts the choices for the triplets of occupied k -pairs to the -
pair, and two of the four !-pairs, then one obtains directly a state with energy contributions from (2.3)
and (2.4) of (=24t + 12T), which corresponds to the vanishing-U ground state. This is equivalent to

setting

Vy= Uy Ty, = Uy, = LUuy=v, =y, =y, =0 4.21)

which amounts to setting the energy-gap parameters, Ay = Ay, = 0. This leaves the four (u;,v;) pairs
free to reduce the Coulomb energy (2.5).

Without the constraint of the BCS variational wavefunction, the six functions, denoted by the
(%7, &) pairings ¥ 1112, Y1413, Y11la, Y1313, ¥ Iols, and 7y I3l,, form representations of 'T'y, ', and
IT" “s, with expectations, 13U)8, 7U /8 and 9U /8, respectively. It should be noted that the 'T"; and 'T" ‘5
states correspond exactly to those listed among the low-lying states in Table I, while the '), state

overlaps only partially the true ground state.

It can be shown that the Coulomb energy expectation value, with the BCS state, is
<He>=U [1+ 18[(Zv,v,uu,)* - 6u,lv,lu,zvlzd,3v,3u,‘v,‘]/2vp2vq2u,2u:2]], 4.22) -

where the summations are over the four /-states. This is not a simple problem in optimization. How-
ever, one can argue, by symmetry, that the optimum solutions will lie on loci of high symmetry. If, for
example, one sets all the u’s and v’s constant, which would amount to s-wave pairing, one obtains pre-
ciscly the 'I'; state. Thus, if one were to use the BCS wavefunction for attractive potentials, where

U < 0, one would obtain the correct ground state.

To obtain the minimum of (4.22) for U > 0, if one calls this minimum yU, sets any two pairs of
the (;,v;)’s equal (three such combinations, e.g. U =y, = Uy, Uy, = Uy, = Uy, and similarly for the

v's), and introduces a variable x = u v4/u,v,, one obtains :

(1 +x*@8y - 9) - 8(x*+x) + x%(32y - 44) = 0. (4.23)

Upon minimization with respect to y (4.23) yields an extremum with the unusual value

y = (173 = 39)/(8V3 — 24)=0.941987298 4.24)

which is achieved for
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x = +(V3/2)V2~(1 + ¥3/2)2 = (-2.296630), (-0.435420) . 4.25)

Clearly, this solution is a compromise. Although it minimizes the band energy, it does not reach the
minimum 7U/8 Coulomb energy accessible with the full BCS set (4.20). And in fact it represents only

a 59.15% overlap with the true I'j, ground-state, of expection 3U /4.

For infinite U, the one-electron orbital energies cease to have meaning. However, if one seeks a
solution with minimal nearest-neighbor band energy (2.2), then one finds a minimal manifold
corresponding to the choices for (u;,v;) of (4.21). Without further BCS contraints, this manifold has
expectation values for (2.2) of (=32¢/5), (-96t/11) and (-272¢/23) [equal to (—6.4¢), (-8.727¢),
(-11.826¢), respectively] corresponding respectively to the symmetries 'y, 'I',s” and 'T"j,. This results
compares with the true ground-state energy of (—12¢). The minimization problem becomes somewhat
more complicated.than for infinitesimal U, of the form :

<H > = -8t [233 v, %, 2u, U, - S(Tv, vy u,u, )* + 66u; vy, ur v, Vi i,/
(173, zvq 2u,%,% - 302V, vq Uy )2+ 36“11"11”12"12”1,"13“14"14] (4.26)
Again, as in the infinitesimal-U limit, the maximum 'I'; value may be achieved in an s-wave pairing.
The minimal value possible, however, achieved for x = u\vyuw, = -1, is (=736¢/63) [equal to

(-11.683¢)].

To study the superconducting energy-gap parameters, one may expand their distributions, as a
function of k, in terms of functions following the symmetries s, d, etc. [even parity only is considered
with the singlet-spin mode of (4.17)]. With eight k-vectors in this small cluster, one has a basis of 8
k -functions to work with, and one can obtain, as Sigrist and Rice do*’ for the high-T, square lattice, the
functions compatible with the lattice. For the energy-gap parameters among the /’s, this amounts to the

following contributions of d -functions:

dxy = All - A'2 - A13 + A", (427)
dyz = All + A’z - A13 - AIA: (428)
dzx = Al] - AIZ + A13 - AIA’ (429)

and in addition the s-like function

S = All + A’z + Al! + A14. (4.30)
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Thus, one sees a definite d-character for the BCS state. However, it is an unsatisfactory approxi-
mation, in both low- and high-U limits: the expectation values of the total energy are not close to the

true ground-state energy.

C. Magnetic correlations

As the fcc structure is composed of triangular rings of bonds, the antiferromagnetic coupling (2.4)
is frustrated in its attempt to saturate the system. Thus the interaction of the band structure with the
spin geometry, a possible resolution of the RVB proposal, is of great interest. In this cluster, there are

three reasonable spin-spin correlations to examine -- on-site, first and second neighbors -- of forms

=lyg2
LO"' N;Suo (431)
Ll = % z S"szz, (432)
<ij>lnn
L2=% Z SilSjt' (433)
<if>2nn

respectively, N being the number of sites. It should be pointed out that, within the eight-atom cluster, a
" sum rule exists,

Lo+ 2L, + 2L, = 516, (4.34)
where §; is the z-projection of the spin. Furthermore, in the infinite-U limit, one has L, tending

upwardly to n/4N, where n is the number of electrons.

)

The results for the ground- and low-lying states for 6,7 and 8 electrons in the small and high U

limits are presented in Table VIII, along with the extreme values possible for each configuration.

Very clear trends can be gathered from the table. First, at both the low- and high-U limits, the
ground state is most strongly nearest-neighbor antiferromagnetic, with L, increasing monotonically with
excitation energy. The exact opposite can be said of the second-nearest-neighbor behavior. Also, as a

function of U, one sees that Ly and L, increase, and L, decreases.

Thus, the tendencies at both extremes is towards antiferromagnetism, and states which at low-U
may be the ground states, may find themselves overtaken, at high-U, by completely different electronic

configurations which are more antiferromagnetic.
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IV. CONCLUSIONS

A model for superconducting and magnetic behavior in a heavy-fermion system, one comprising
an eight-atom cluster in the fcc structure with occupancies of 6,7 and 8 electrons, was examined. A
critique of ongoing work is obtained. Although too small a cluster to observe the important long-range
correlations present in superconducting transitions, it is the opinion of the authors that this smallness,
allowing a full description of the model system, more than makes up for this liability, while other

approaches, such as Monte Carlo®*® may be leaving subtle gaps in the true picture.

It was observed that the Gutzwiller projection, which obtains a heavy-fermion wavefunction
from the non-interacting function by projecting out any part containing any doubly-occupied atoms, is
an inadequate description of the ground state and low-lying excitations. This inadequacy becomes more
pronounced as one nears the half-filled limit, which is where all the interesting heavy-fermion behavior
occurs. The amendment to the projection proposed here, that is, fo take the linear combination of non-
interacting ground state wavefunctions which minimizes the Coulomb repulsion, acts to achieve the

optimum state from within that restricted manifold.

The model demonstrates a trend towards superconductivity which is of extended-spin-singlet form
and highly anisotropic, with significant s- and d-wave mixing. No significant trends towards
symmetry-breaking was noted, indicating possibly that the large-U Hubbard mechanism is not, of itself,
responsible for superconductivity; rather, it might be said that, at best, it makes phase space available
for another mechanism, such as the standard phonon coupling, to allow superconductivity to proceed. In
light of recent evidence denying any magnetic activity in the Ytirium compounds®®, this may be an

optimistic assessment.

The BCS trial state, restricted to the small cluster, describes states of considerable d -character,
and was shown to be inadequate both in the small and large U regimes, removed considerably from the
true ground state. For small attractive U, however, the BCS wavefunction corresponded exactly to the

true ground state.

The magnetic corrclations showed that this model is remarkably good for antiferromagnetic

behavior, with strong antiferromagnetic ordering in both the small and large U limits.
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The authors recognize that many of the condemnations of the Gutzwiller projection process may
be due to finite-size effects®®. It is possible that the projection process, applied to increasingly larger
clusters, may approach a total description of the ground-state behavior, but this is a conjecture which
should be scrupulously examined. "The present approach, as detailed in previous work?, does not scale

well, so the question may remain open for some time to come.
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FIGURE CAPTIONS

1

Schematic representation of the ground- and low-lying states for 6 electrons. The situation is
rather straightforward: the symmetries at low-U carry over to the high-U regime, with no cross-

overs.

Schematic representation of the ground- and low-lying states for 7 electrons. Here, the low-U

ground states form high-U excited states, with completely different symmetries crossing over.

Schematic representation of the ground- and low-lying states for 8 electrons. The trend as for 7
electrons continues, with many cross-overs, showing the Gutzwiller-projected states to be an

inadequate description of the spectrum.

Thé competing effects of superconductivity and magnetism are most aptly demonstrated by com-
paring the thermal probability behavior of the seven-electron superconducting candidate, 2X ;, with
the Gutzwiller-projected state 2L 5, and the mean-spin-squared <S (§+1)>. The two states do not
mix to form a broken-symmetry superconducting complex, the 2X, has a stronger correlation than

the 2L, and the latter is washed out by an increasing ferromagnetic tendency.
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TABLES
TABLE L
Many-body energies of the low-lying states for 6,7, and 8 electrons in the infinitesimal and infinite-U limits.
small U large U
Energy States Symmetries Energy States Symmetries

6 electrons

=24t + 12T + 5U/8 16 'T.,3X,T, , -12¢t + 12T - 11J/4 2 Iy,

—24¢ + 12T +9U/8 57 T 26" X3'X5, 3T "15,°X2,°X 6, Xs | =12t + 12T - 77 /4 9 X,

=24t + 12T + 13U /8 6 'ITL'X, =12t + 12T + J/4 5 T,

7 electrons

=24t + 18T +5U/4 32 AL,L, -6t + 6T - 3J 14 Ty, XX, %X,

—24t + 18T +7U/4 24 U,U, -6t + 6T - 2J 16 2,
-6t + 6T —3J12 32 Ty, X, %X,
-6t + 6T —-J12 16 ‘L,
-6t + 6T +J 18 %X,

8 electrons

—24t + 24T + 15U/8 24 I 51X53X s . ~4J 30T,

~24¢ + 24T + 19U/8 4 'x, -37 22 LX.%X,
-2J 42 'T35X3.%L,°Ls
-J 48 X557, T,
0 53 lr113L2:5L3

. J 30 T 'u6.5Xs

2 21 X,
3J 28 L,
6J 9 °y




TABLE IL
Correlation mixing pattern for 7-electron heavy-fermion ground-state manifold
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singlet pairing

triplet pairing

state(s) Y X1 X3 X3 1y I, I3 Iy il x4 x2  x3 5 I, I3 Iy

T 12> r r r r r r T r
I2X1(a)>|2X2(a)> Ao Ao Ao Ag Ao Ay Ao Ao
12X,(b)>12X4(b)> || B. | B. B. B, B. B_|B. B._

%X ,(c)>1%X,(c)> || B. | B_ B. B_ B, B, | B, B,

T, 12> r r r r r r T T
12X1(a)>1%X4a)> || B- B. B_ B_ || B, B, | B, B,
12X,(0)>12Xb)> || Ag Ao Ag Ao || Ag Ag | Ao Ao
12X1(c)> X 3(c)> || B, B, B, B, || B. B. | B_ B_

13 12> r r r T r r T r
12X 1(a)>1%X(a)> || B, B, B, B, B. B_ B_ B.
12X,(b)> 12X x(b)> || B. B. B. B. B, B, B, B,
12X (c)>1%Xq(c)> || A Aq Ay Ay Ay Ag Ag Ag

15 %> r r r r T r r r
|2X1(a)>l2X2(a)> Ag Ag Ao Ap Ao Ao Ag Ag
12X,(b)>12X(b)> || B, | B. B, B, B_ B. B_ B._
12X 1(c)>1 %X (c)> || B_ | B. B. B_ B, B, B, B,

T 120> r r r r r r r r
(2X,(a)>!%Xy(a)> || B. B._ B_ B_ B, B, B, B,
12X, (b)>12X(b)> | Ao Ag Ag Ag Ao Ag Ao Ay
1X1(c)>1X(c)> || B. B, B, B, B. B. B. B_

1 12> T r r r T r r r
12X (a)>1%X4(a)> || B. B, | B, B, |{B. B_ B_ B_
12X1(b)> 12X xb)> || B- B_ | B. B_||B, B, B, B,
|2X1(C)>|2X2(C)> Ay Ag Ag Ao Ao Ao Ao Ao




-19-

TABLE IIL.
Values for the couplings of the heavy-fermion ground-state manifold for 7 electrons
coupling r Ao B,
4 0 514 +W212
SPX. M 0 1912 |rvzi2 116

0 41736 V36 19/18
176 0 12 V29
0 13736 29 512

. M2 0 Y4 V312
TP mnz ) +212 23136

[3/4 0 ] [5/4 +IV36
+

TPO 13/12
1/6

TPT
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TABLE IV.
Correlation mixing pattern for the 7-electron Gutzwiller state manifold in the large U limit
singlet pairing triplet pairing
state(s) Y X1 X2 X3 Il I, I3 Iy || x1 x2 x5 Iy i, I3 I

T
|2L3(1)>|2L3(2)> Ao Ao Ay Ao Ao Ao | Ay Ay
|2L3(3)>|2L3(4)> Ao Ao Ay Ay Ag Ag | Ap Ay
12L4(5)>1%L4(6)> || B_ | B_ B. B. B, B, | B, B,
12L4(7)>1%L4(8)> || B_ | B_ B_ . B._ B. B, | B, B,

T2 ’
12L4(1)> 12L5(2)> || AL A, A, A, Il A A | A A
120 4(3)> 2L 4(4)> || B_ B_ B_ B_ || B, B. | B, B,
12L5(5)> 12L+(6)> || Ao Ag Ag Ao |l Ao Ay | Ao Ao
12L4(7)>12L4(8)> || B, B. B. B, || B. B_ | B_ B_

T3
12L5(1)>12L42)> || A- A A. A A, A, A, A,
12L3(3)> 1%L 4(4)> || B. B. B. B, B_ B_ B. B.
12L4(5)>12%L4(6)> || B, B. B. B, B_. B_ B_ B_
12L4(7)>12L4(8)> || Ag Ao Ao Ao Ao Ay Ao Ao

Ts ‘
PLy(1)>12L5(2)> || Bo | Bo By B, Bo By By By
12L4(3)>12L4(4)> || Bo | By By By By B By, B,
120 4(5)>12L4(6)> || A_ | A_ A. A_ A, A, A, A,
12L4(T)>12L4(8)> || A_ | A_ A. A_ A, A, A, A,

Ts
12L4(1)>1%L5(2)> || B. B, B. B, B_ B_ B_ B_
12L4(3)>12L4(4)> || A_ A A A A, A, A, A,
12L4(5)>1%LA(6)> || Bo By By Bo By By By By
12LA(T)>12L48)> | AL A, A, A, A A_ A_ A_

T
12L3(1)>12L5(2)> || B_ B_ | B. B_||B, B, B, B,
12L4(3)>12L4(4)> || A, A, | A A, {|A. AL A. A
12L4(5)> 12L4(6)> || AL A, | A, A, I|A. A_ A. AL
12L4(7)> 2L A(8)> || By Bo | By Bo || Bo By By B
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TABLE V.
Values for the couplings of the heavy-fermion Gutzwiller manifold for 7 electrons
coupling Ay A By B, 7
94 0 65  +7V320 3320 0 8/5  V3/60
SPX 0 17120 £7v320 19110 | | 0 1912]  [&V360 49730
1112 0 1915 +7V3/60] [es0 0 ] [1m15 +vEns0
PO 0 8360 #7360 3130 | | 0 4136]  |+¥3180 10119
A 720 0 [ 20160  +2v3/45 ] o0 0 ] 512 +V3190
TP 0 1936 #2v345 71180 | [0 T3180]  |+¥3/90 79/180

. 1730 0 4760 £13V3/180
TP 0 779 +13V3/180 23136

23 0 43/60 +V3/60
0 115 +V3/60 41/60
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TABLE VI

Normalized maximal correlation values for 7-electron states at nearest-neighbor separation.
all states almost non-interacting  Gutzwiller state Heavy-fermion state Atomic limit
t,TU=0 U=0" U=oc U=00 t T =0,U =o0
(# states) 11440 56 28 14 1024
SPX 1.0 0.281 0.313 0.344 0.438
120 3> 12Ly> 12¢,>
TPO 1.0 0.172 0.173 0.181 0.438
0.8161%X,>-0.57712X > _
" TPT 1.0 0.167 0.176 0.207 0.667
0.79312X,>-0.61012X ;>
TPl 1.0 0.479 0.428 0.412 0.500

0.84512%X,>-0.536 12X ,>
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TABLE VII.

Unnormalized s and d expansion of correlations for the maximally-correlated 12X,> state, polarized in the x-
direction. The degree of anisotropy is quite notable.

Y X X3 X3 L iy 13 ls
s 1.750 | 0.917 0417 0.417 0.875 0.875 0.875 0.875
zx 0 0 0 0 -1.588  -1.588 1.588 1.588
yz 0 0 0 0 -0.722 0722 -0.722 0.722
xy 0 0 0 0 -0.722 0.722 0722 0.722
x% - yz 1.732 | 3.175 -1.443 0 0.866 0.866 0.866 0.866 ,
3z2-r,2 | 1.000 | 1.833 0.833 -1.667 0.500 0.500 0.500 0.500
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TABLE VIII.
Magnetic correlations for 6, 7 and 8-electron ground and low-lying minimal-spin states in the low and high U lim-
its !
small U large U
state(s) Ly L, L, state(s) L, L, L,
6 electrons
minima 0.0 -0.1563  -0.0938
maxima 0.1875 0.4063 0.0938
2

B 7Y 0.1484  -0.0859 0.0117 | Ty, - 0.1875 -0.1146 0.0208 '
Irs!X3'Xs 01172 -0.0547  -0.0039
NLIa X, 0.0859 0.0234  -0.0195
7 electrons
minima 0.0313  -0.1875 -0.0313
maxima 0.2188 0.5625 0.0938
s 0.1367 -0.0644  -0.0020 | %X, X, 0.2188 -0.1250 0.0313
2L, 0.1211  .0.0508  -0.0098 | %L, 0.2188  -0.0833 0.0104 .
8 electrons
minima 0.0 -0.2500  -0.1250
maxima 0.2500 0.7500 0.1250 .
AT %26,1X 5 0.1328  -0.0547 - -0.0117 | Iy, 02500 -0.1667 0.0417
N, X, 0.1016  -0.0234  -0.0273 | 'L, 0.2500 -0.1250 0.0

T 'X3s 02500 -0.0833  -0.0417 )
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Figure 1.

small U <— energy scale — large U



-26-

Figure 2.

smallU <— energy scale — large U
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Figure 3.

smallU <— energy scale — large U
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